The present study investigates the solute transport mechanism in a vegetated compound channel. In this paper three-dimensional numerical simulations involving solute transport models in a partially vegetated open channel flows are presented. Vegetation zones were prepared fully covering the floodplain and as a vegetation belt on one side of a compound channel to identify the mixing mechanism. For flow simulation a non-linear k-ε model coupled with a vegetation model is used. For solute transport an eddy diffusivity model and an algebraic scalar flux model by Daly-Harlow are implemented and the performance of each model is evaluated. The numerical results are favorably compared with the experimental observations in terms of solute concentration. It is found that Daly-Harlow model taking into account the anisotropy of turbulence shows better performance over an eddy diffusivity model in complex flow fields.
INTRODUCTION
In river hydrodynamics flow through aquatic vegetation is of high concern. The flow-vegetation interaction is complex particularly when the channel has compound cross section. The presence of floodplain vegetation significantly affects the flow field in the main channel and hence mass and momentum exchange between the main channel and the floodplain. Vegetation can affect the water quality by transporting sediment, and nutrients both within the channel and to or between the riparian zones. In recent years solute transport in rivers is an important topic in environmental hydraulics 1) . Thus, there has been an increasing interest in predicting solute transport processes in compound channel flows for controlling pollution levels in rivers 2) . Numerical simulation as well as flume experiments regarding flow distribution and momentum transport in the presence of vegetation has been persuaded by many researchers since last three decades e.g. 3) , Naot et al. 4) , Kang and Choi 4) , Rameshwaran and Shiono 6) , Sanjou et al. 7) , Jahra et al. 8) . However, the impact of vegetation on the transport of pollutant or sediment has not been explained clearly.
Shimizu and Tsujimoto
In a compound channel during overbank flow, the fast flow in the main channel is hindered by the comparatively slower floodplain flow, causing generation of shear layer, secondary flow and large lateral momentum transfer. The additional drag exerted by vegetation reduces the mean velocity, turbulence intensities and bed shear stress within a vegetated zone. This baffling promotes solute transport, sediment deposition and suppresses bed erosion. Arnold et. al. It has been found that till now no investigation has been made regarding the solute transport characteristics in a compound channel in the presence of vegetation. Thus, the need to predict the flow and transport of solute (pollutant), sediment and nutrients in the presence of vegetation, leads to laboratory experiments and numerical computations. The objective of this present study is to investigate the characteristics of solute transport in the presence of floodplain vegetation through flume experiments and numerical calculation by a non-linear k-ε model with a vegetation model, coupled with scalar flux models.
NUMERICAL MODEL (1) Turbulence model
For the numerical simulation of turbulent flows with vegetation zones, the double averaged continuity and momentum equations are used
where, C D = drag coefficient (= 1.0 for Case C1 and 0.8 for Case C2) and λ = vegetation density. The term consisting of the Reynolds stress and the velocity correlation in Eq. (2) has been modeled as: (6) 
The transport equations for turbulent kinetic energy k and its dissipation rate ε are written as:
The source/sink terms of the transport equations for k and ε are S k and S ε :
Along the bottom and the side walls "wall function" technique has been applied. Near free surface turbulent dissipation rate is specified as follows: 
a) Isotropic eddy diffusivity model (ED model)
This model entails the concept of eddy diffusivity to estimate the scalar flux. 
b) Algebraic flux model (DH model)
Daly and Harlow 13) introduced an eddy diffusivity tensor proportional to the Reynolds stress for the scalar flux. DH model gives a general form I_74 of the flux vector as a linear combination of the Reynolds stress:
where C c = model parameter (= 0.4 for Case C1 and Case C2) and, τ c = characteristic time-scale = k/ε. Zero-flux condition is applied along the boundaries. The concentration at the injection point is specified.
(3) Numerical methods
The basic equations were discretized by Finite volume method and the SIMPLE algorithm with the fully implicit scheme for unsteady term was used. The QUICK scheme has been applied to the convection terms in the momentum equations whereas Power-law scheme was used for the transport equations for k, ε and C.
EXPERIMENTAL SETUP

8), 14)
The flow and solute measurements in a compound channel were conducted by Jahra et al. 8) and Hasegawa et al. 14) . Two types of vegetation layouts were prepared over one side of the floodplains ( Fig. 1): (a) floodplain fully covered by model vegetation (Case C1); (b) 10 cm wide vegetation belt located along the junction of the main channel and the floodplain (Case C2). Three mean velocity components are measured by two-component electromagnetic current meters (both L-type and I-type) and water depth by water level gauges at the frequency of 10 Hz. Sodium Chloride (NaCl) was used as a scalar and its concentration was measured by conductivity meter with probe of 0.2 cm diameter. NaCl was injected continuously just below the free surface by using a 0.3 cm diameter nozzle at x=900 cm, where the flow can be considered to be fully developed. The discharge in the flume was Q=30 l/s. The initial concentration of solute is 1% and is dissolved in water and diluted by alcohol to set the injected mixture density the same as the flume water density at the working temperature. 
RESULT AND DISCUSSIONS (1) Model validation
The non-linear k-ε model coupled with an eddy diffusivity and DH model for solute transport was validated against the experimental data of test case C2 of Shiono et al.
11) A 20 cm wide flume was incorporated with one-sided non-vegetated floodplain of 10 cm wide and 5.5 cm high. The water depth was 11 cm. The measurement section was located at x=1400 cm. The fluorescence dye (Rhodamine 6G) was injected at x=1300 cm, y=10 cm and z=10.8 cm. 
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implies that the value of C c should be tuned based on vegetated and non-vegetated floodplain situation.
(2) Solute concentration (Case C1)
The prediction of solute concentration distribution over the cross section of the flume was conducted with ED model and DH model with the non-linear k-ε model. The simulated results were compared with the experimental data by the authors. The turbulent flow model was validated against different flow fields in the previous studies 8), 14) . In Case C1 where the floodplain is fully covered by the model vegetation, solution of NaCl was injected at three different locations, i.e. at the center of the channel (y=91 cm); in the main channel, near the interface of the main channel and the vegetated floodplain (y=136 cm) and within the vegetation zone, near the junction point (y=138 cm). Fig. 3 shows the contour of measured solute concentration distribution 100 cm away from the injection point in Case S1 where salt water was injected at y=91 cm. The measured result is compared with the calculated results by both models. The comparison between the experimental result and numerical one by ED model shows apparent difference in the shape of contours. The measured contours show wider and less deep spread than calculated one. On the contrary DH model which takes into account the anisotropy of turbulence shows comparatively better agreement with the measured result. The spread of solute is attributed to convection due to secondary currents and turbulent diffusion which is clearly perceived in the other case studies. The former cannot be identified clearly in Fig. 3 due to diminutive secondary current in the main channel. Fig. 3(b) shows that the calculated secondary flows direct towards the vegetated floodplain near the water surface and in a reverse way near the bed. However the magnitude of secondary flow is too small to compare the measured results quantitatively.
In Case S2 solute was injected at y=136 cm, which is located in the main channel, near the interface of the main channel and the vegetated floodplain. Fig. 4 shows the comparison between the experimental and the simulated results at x=1000 cm. It can be observed that the concentration peak has shifted to the vegetated floodplain and that the high concentration region is more shifted in the measured result than the calculated ones. The arrow above the free surface indicates the spreading direction of solute concentration and "•" expresses the exact point of solute injection. The secondary cell with clockwise rotation over the vegetated floodplain (Fig. 4(b) ) plays the dominant role in transporting the solute within the cross-section. The solute of high concentration near free surface is conveyed from the main channel to the floodplain whereas the solute of low concentration is transported from the floodplain to the main channel near the bed. Arnold et al. y [cm] model shows better agreement with the measured result. The same phenomenon can be observed in Case S3 for the solute injection point at y=138 cm, which is located over the vegetated floodplain, near the interface of the main channel and the vegetation zone. Fig. 5 shows the spanwise distribution of non-dimensional solute concentration of the experimental and simulated results at x=1000 cm and z=7.5 cm. In Case S2 and Case S3 the shift of the peak of solute concentration is more noticeable compared to Case S1 due to strong secondary currents along the interface. The generation of two secondary current cells over the vegetated floodplain and in the main channel near the vegetated floodplain contributes in solute spread in Case S2 and Case S3. DH model shows better agreement with the measured one compared to ED model through reasonable estimation of diffusion.
(3) Solute concentration (Case C2)
Solute concentration distribution is greatly affected by the presence of vegetation belt over the floodplain located along the interface of the main channel and the floodplain. Fig. 6 describes the solute distribution when salt water was injected at y=136 cm (Case S4). It can be observed that both the flux models underestimate the mixing in the spanwise direction. Complicated flow structure due to the vegetation belt can be observed in not only the secondary current distribution but also in a large-scale turbulence in Case C2 14) . Weak clockwise secondary current cell generated within and at the right side of the vegetation belt (Fig.  6(b) ) restricts the lateral mixing of the solute in the calculated results. In ED model turbulent Schmidt number is needed to be adjusted, but its isotropic nature restricts its applicability in complex flow field. On the contrary DH model, taking into account the anisotropy of turbulences gives better agreement with the measured data.
Another experiment has been conducted where salt water was injected just at the right side of the vegetation belt at y=147 cm (Case S5). The performances of ED model and DH model against experimental result are shown in Fig. 7 . The DH model shows better agreement compared to ED model. The concentration of the solute was spread towards within and the right side of vegetation belt due to the distribution of secondary currents. The high concentration zone is shifted towards the right side due to strong secondary current cell generation at the right side of vegetation belt. ED model underestimates the solute mixing in the lateral 
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direction and over estimates in the vertical direction. . It is noted that comparison between the experimental and the calculated results gives an impression that the measured data might have some inaccuracy, which may be due to the larger solute density than the flume water due to the evaporation of alcohol with time. This leads to the solute deposition tendency in the measured data of Fig.  6 (a) and 7(a), which is unphysical. (a) Experiment
CONCLUSIONS
